Preprint typeset in JHEP style - HYPER VERSION 



TAUP 



April 23, 2012 



^:N=4 SYM model for soft interactions at high energy 

(N- 



<: 



E. Levin"'^ and I. Potashnikova^ 

a) Department of Particle Physics, School of Physics and Astronomy, 



rS ^ Raymond and Beverly Sackler Faculty of Exact Science, Tel Aviv University, Tel Aviv, 69978, Israel 

^ b) Departamento de Fisica, Centro de Estudios Suhatomicos, Universidad Tecnica Federico Santa 
• Maria, and Centro Cientifico-Tecnologico de Valparaiso, Casilla 110-V, Valparaiso, Chile 

>: 

CN .Abstract: In this paper we compare the prediction for high energy soft interactions in the model of = 4 
iSYM, with the experimental data. It is shown that this model is able to describe the total, elastic and 
T-H inelastic cross sections and the elastic slope with only three free parameters. However, the model failed to 
CN 'obtain the cross sections for diffractive production, which was close to the experimental data, giving small 
"values for them. We believe that the theory of A = 4 SYM, of the order of 1/A is needed to find the origin 
I -of large mass diffraction. 



^ Keywords: N=4 SYM, graviton reggeization, eikonal approach 

^3! 



Contents 



|l|. Introduction |^ 

^. Main formulae for high energy scattering ampHtude in N=4 SYM |^ 

Reggeized graviton(Pomeron) propagator Q 
Vertices for Pomeron interaction with colliding hadrons ^ 
Eikonal formula ^ 
Nucleon-nucleon scattering at high energy: observables ^ 
^ Proton wave function ^ 

^. Description of the experimental data |^ 

PI Fitting parameters ^ 

U The result of the fit | 

Comparison with the LHC data ^ 

Survival probability of large rapidity gaps 

B. Conclusions 11 



1. Introduction 

It turns out that all soft interaction models [Q, ^, ^ have failed to predict the new LHC data (see Refs. 

^, 1^, ^]), showing that our understanding of long distance physics is very limited (if any). With this 
in mind it seems reasonable to us, to build a model for high energy strong interactions, based on = 4 
SYM, which is the only theory capable of treating long distance physics. = 4 SYM is a unique theory 
which allows us to study theoretically, the regime of the strong coupling constant Q. 

Therefore in principle, comparing the prediction for the high energy scattering amplitude in A'^ = 4 
SYM with the experimental data, we can single out the physics phenomena described by QCD more 
sucesfully than this simplfied approach. It is well known (see for example Refs. [11, 12, |l^, 17, |l^] and 
references therein*) that the main small parameters of = 4 SYM are 



*We select here only those references which are related to the high energy scattering amplitude in A'^ = 4 SYM, which will 
be useful for an understanding of this paper. 
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A > 1 (^/9 = « 1^ but 55 < 1 (1.1) 



where 



A = 47riVe5yM; 9s = L = a4 A3; (1.2) 

47r 

and Qs is the string constant, a' ~ 1 GeV~^ is the slope of the reggeon trajectory, A^^^ > 1 is the number of 
colours, and L is the radius of AdSs space. 

As shown in our previous paper |jl^, the theory of A'^ = 4 SYM in which p is small (say < 0.25), could 
be responsible for a small part of the total cross section, for energies below the LHC energy range. In 
this paper we build an A'^ = 4 SYM model based on the classical understanding of this word: a model is 
the theory which we apply in the kinematic region where the theory can't be proved to be incorrect. We 
expand the theory of = 4 SYM developed for p ^ 1, up to arbitrary values of p. 

Comparing with the experimental data, we find the value of p to be 0.7 0.8. We are able to describe 
the experimental data on the total, inelastic and elastic cross sections in the entire range of energies, 
including the LHC range. However, we failed to describe the values and energy behaviour for diffractive 
production. We conclude from this failure, that we need to include high mass diffractive production which 
traditionally stems from the triple Pomeron interaction. This interaction has not appeared in A^ = 4 SYM 
for small p. Therefore, we need to find the p'^-corrections, in order to treat diffractive production in A^ = 4 
SYM. 



2. Main formulae for high energy scattering amplitude in N=4 SYM 
2.1 Reggeized graviton(Pomeron) propagator 

Before discussing the general approach of A^ = 4 SYM to high energy scattering, we would like to draw the 
reader's attention to the fact that there exists two different regions of energy, that we have to consider in 
A^ = 4 SYM: pa's < 1 and pa's < 1 (see Eq. ( |1.2D ). In the first region, the multiparticle production has a 
very small cross section, and it can be neglected. However, in the second region the graviton reggeization 
leads to the inelastic cross section that is rather large, and at ultra high energies the scattering amplitude 
reveals all of the typical features of the black disc regime: CTg; = din = crtotf^- 

At p — 7- c« the main contribution to the scattering amplitude at high energy in A^ = 4 SYM stems 



from the exchange of one graviton. The formula for this exchange has been written in Ref. |14, 16, In 
AdS^ = AdSd+i space this amplitude takes the following form: 



AiGE{s,b;z,z') = g"^ Tf,i,{pi,p2)Gnuu'u' (u) T^'u' iPi,P2) "^'^ > s"^ z'^Gz (u) (2.1) 
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Pi 



9 



where T^u is the energy-momentum tensor, and G is the propagator 



of the massless graviton. The last expression in Eq. (2.1), reflects the fact 
that for high energies, T^^u = Pi^^Pi^u and at high energies the momentum 
transferred q^^ which led to G3 (n) (see Refs. [||, |l8|). In AdS^ 

the metric takes the following form 



P2 
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Figure 1: The one graviton 
(IGE) exchange. 

and 



L2 



ds'' = — \ dz^ + ^^dxf\ = ^ ( dz^ + dx^) 
^ \ i=i ) ^ 

where u is a new variable which is equal to 

{z-z'f + {x-^f _ {z-z'f + h'^ 



u 



2zz' 



2zz' 



(2.2) 



(2.3) 



+ + Vii(n + 2)| ^u{u + 2) 



(2.4) 



where h is the impact parameter (see Fig. |T|). As one can see from Eq. (2.1), the one graviton exchange 
amplitude is real and increases as s^. However, the high energy limit of Eq. ( p.l| ) has to be modified, 
since in the order of the intercept of the graviton decreases and becomes equal to 2 — /o (see Refs/ 
[13, 14, 15, 12, [1^). The resulting expression for Eq. ( ^.l| ) which we can consider to be the propagator of 
the reggeized graviton exchange, takes the following form: 



A^ge{sMz,z') ^ P{s,b-z,z') = (cot(7r/,/2) + i) -^^-J^^^=^ exp ({1 - p) r - ^) (2.5) 

smh(^o) T"'^/^Y^'u(n + 2) ^ pr/ 

where 

r = In {pzz's/2) ; ^0 = In (l + n + ^/u{2 + u)^ ; (2.6) 

One can see that Eq. ( |2.5| ) does not describe the exchange of the Regge pole with the intercept (1 — p), 
but it is similar to the contribution of the BFKL Pomeron which is responsible for high energy scattering 
in iV = 4 SYM, but at Qs ^ 1- Therefore, Eq. ( |2.5| ) gives an explicit example of AdS-CFT correspondence 
which inherits all of the bad features of the BFKL Pomeron 




Firstly, for large values of the impact parameters, Eq. (^]^) falls down only as a power of b, and such 
a decrease results in a power -like increase of the radius of interaction, in the direction which contradicts 
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the Froissart theorem (see Ref. [^). The second characteristic property of Eq. ( |2.5[ ), as well as the 
BFKL Pomeron, is the absence of the shrinkage of the diffractive peak for high energy scattering. 

In principle, the shadowing corrections which should be large in our case since the amplitude of Eq. (|2.5D 
increases with energy, can generate the effective shrinkage of the diffractive peak. However, we have decided 
to introduce some corrections to Eq. (^]^), namely, 

P{s,b;z,z') P{s,b;z,z') = P {s,b; z, z') e'"^"^^" ^ ' ^^^^ (2.7) 



The first term in the exponent of Eq. ( |2.7D includes the minimal mass that appears in string theory, 
which A'^ = 4 is the the limit at p <C 1. The second one takes the following form in q representation: 
exp (— {O'P/'^) t) and corresponds to the shrinkage of the diffraction peak, with the effective a' = ap/2. 

2.2 Vertices for Pomeron interaction with colliding hadrons 

It's well known that the contribution of the Pomeron to the scattering amplitude takes the following form 

A]p{s,q;z,z') = gl{q) P {s,q; z, z') = gl{q) J dHe''^-'^ P {s , b; z , z') (2.8) 
where g{q)ip are the vertices of the Pomeron-hadron interaction. The vertex for the interaction of 



the graviton with the hadron has been found in the soft wall model for confinement [22|, that describes a 



number of different hadron characteristics |2S]. It has the following form (see Ref. |24|): 



gip{qT;z) = 2gYMH{qT,z) = IgyMT {a + 2) U {a, -1,2^ = 2gYM a{a+l) [ t'^"! (1-x) e~2?t/(i-t) 

Jo 

(2.9) 



where U {a, —1,2^) is Tricomi's (confluent hypergeometric) function [25| and 



^ = K^z'^; a = q^ = — t momentum transferred by the Pomeron (2.10) 

where k is the dimensional parameter of the soft wall approach, and = m?/8 where m is the 
nucleon mass (see Ref. for more details). We replace the exact formula of Eq. (|2.9| ) by the following 
approximate expression 

giP [qr; z) = 2gYM exp ( - B (0 a) with 5 (^) = 1 - C + C/(i'°'0) (0, -1, 2^ (2.11) 



which allows us to perform analytically, part of the intergrations. C is the Euler constant in Eq. ( p.lll) . 
Finally, the amplitude for the exchange of a single Pomeron in impact parameter representation, 
which we need in order to take into account the eikonal rescattering, has the form 
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A]p [b,s;z,z') 



1 b- 



b-b' 



(2,12) 



2.3 Eikonal formula 





As we have mentioned, Ap (s, q; z, z') increases steeply with energy 



s, and has to be unitarized using the eikonal formula |14, 15, 12, 16 
(see Fig. |) 



Figure 2: The eikonal formula 
that takes into account the multi- 
Pomeron exchanges. 



Aeikonal{s,b;z,z') = i(l - exp U A]p [s ,b; z , z' \Eq. {\ 



(2.13) 



In Ref. [13, |T2[ it was argued that AdS/CFT correspondence leads to the corrections to Eq. ( ^.131) 
which are small (oc 2/\/A). The unitarity constraints for Eq. (|2.13 ) take the following form 



2 ImAeikonal {s, b; Z, z) = \Aeikonal {s, b] Z, z)\ + O 



(2.14) 



2.4 Nucleon-nucleon scattering at high energy: observables 



We only need to integrate Eq. ( 2.13| ) with the wave functions of the proton, in order to obtain the amplitude 
for propton-proton scattering. Indeed the proton-proton amplitude is equal to 



App{s,b) = i j dzdz^{z)f^{z){l - exp(i^jp(s,6;z,z'|^g. (13)))) (2.15) 



Based on Eq. ( gl5|) , we can calculate the number of the experimental observable. We list below those 
of them that we actually use in our description. 
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atot = j ^^^J d^^^' ^ (^) ^ (^') - cos (Re^jp) e~^™^^) ; (2.16) 
a^i = j (fh j dz dz' $ (z) ^> {z') (l - cos (ReAip) e"!™^^) |^ 

+ dzdz'<i> (z) <^ {z') ( sin (ReAjp) e^^™^^) ; (2.17) 

= 2 J dH j dz^{z)\^(^j dz'^{z') (l-cos(ReAjp)e-^™^^)^ 

+ (^y"dz'$(z') (sm(ReAjp)e-^™^^)^ } (2.18) 

f^dd = / / '^■2 '^■2' ^ (■^) ^ (-2') { (1 - cos (Re^ip) e"^™^^) V ( sin (ReAjp) e-^™^*-) } (2.19) 

/ h'^d^ f dz dz' $ (z) $ (/) (1 - cos (Re^jp) e-I™^^) 

Bel = 7 V (2-20) 

2fd^f dz (z) $ (z') ( 1 - cos (Re^jp) e-I™^*- 



2.5 Proton wave function 

The last ingredient of our approach is the wave function of the proton which we chose in the soft wall 
approximation [^]. It is given by: 

This wave function works quite well for describing the key properties of the hadron, as shown in Refs. 
[23|. It is easy to see that 



/ 



dz^{z) = 1 (2.22) 



3. Description of the experimental data 



3.1 Fitting parameters 



As one can see our main formulae (see Eq. (|2]3),Eq. (p|),Eq. (|2Tl] ) and Eq. (|2l^ )) contain a number of 



parameters. We have fixed all of them except for three, from the description of the hadron characteristics 
in the soft wall model (see Refs. [22, 23]. These three fitting parameters are 



9s = P = 2/VX; a (3.1) 
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In = 4 SYM with AdS/CFT correspondence, and p are much less than 1 while a =0. In our 
model we consider them as free parameters that can have arbitrary values. The difference between the 
values of these parameters found from comparing our formulae with the experimental data, and the = 4 
SYM expectations, will tell us how the = 4 SYM model differs from the theory. In principle, using the 
actual values of these three parameters, we can also estimate up to what order of magnitude in we need 
to expand, in order to calculate the scattering amplitude, and to obtain a description of the experimental 
data. 



3.2 The result of the fit 



Using Eq. (|2j), Eq. (p^), Eq. ( |2.11| ) and Eq. ( |2.13D we fit the experimental data starting with W = y/s = 
20GeV. We do not include the LHC data in the fit since we wish to check the predictive power of the 
model. Fig. ^ and Fig. |^ show the best result of our fit for atot, o'ei and the slope for daei/dt at t = 0. The 
values of the parameters are gs = 0.245 ±0.003, p = 0.797 ±0.001 and a = 0.23 ± 0.005 GeV-'^. The value 
of x^/d-o.f. = 1.25, which is very good. 
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Figure 3: The description of the energy behaviour of the total and elastic cross sections with gs — 0.245, p — 0.797 
and a — 0.23 GeV^^ . The solid line corresponds to the fit without the LHC data, while the dashed line describes 
the result of the fit that includes the LHC data. The open circles show the data from PDG , and the full circls 
show the LHC data (|. 
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Figure 4: The description of the energy behaviour of the slope for the elastic cross section, with the same values 
of the parameters as in Fig. |[ The solid line corresponds to the fit without the LHC data, while the dashed line 
describes the result of the fit that includes the LHC data. The open circles show the data from PDG and the 
full cuircles show the LHC data 



However, when we include the data for the diffractive cross section for either the single diffraction or 
the double diffraction, we failed to describe these sets of data. Our best values for these cross sections 
turn out to be less than 2 mb. Such values are in striking contradiction with the experimental data. For 
example atW = 7TeV, the values for the single diffractive cross section are as large as 14 mb. The reason 
why this happens is clear from Fig. ^. In these figures, we show the behaviour of $ {z), as well as the real 
and imaginary parts of the scattering amplitude, as functions of z. 

One can see that the amplitude depends only mildly on z in the region where $ (z) is not very small. 
Therefore, in Eq. (p^)-Eq. (|) we can take the term for the amplitude outside of the integral at z — -s^max 5 



where Zmax is the value of z where the function <I> (z) has a maximum. In doing so, we obtain the result 
that the integral over z is equal to 1, and the cross sections for diffractive processes are equal to zero. 
At large b, the situation changes and the amplitude starts to depend on z in the region where ^> (z) is 
not small. In this case we can see the difference in the integrals for elastic, single and double diffraction. 
Unfortunately, the region of large b gives only a small contribution. 

The first conclusion from our fit, is that we need to find a new mechanism for diffractive processes. 
Actually, we know the missing ingredient in = 4 SYM. In the routine Pomeron approach, a substantial 
part of diffraction relates to the diffractive production of large masses, which stem from the triple Pomeron 
interaction (see Fig. B-a). In our approach we do not have the triple graviton vertex. Therefore, we believe 
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Figure 5: The behaviour of the real (dotted Hne) and the imaginary (sohd hne) parts of the scattering amphtude, 
and $ (z) versus z for different energies: logios — 2.5 (Fig. ^a) and logics — 6.5 (Fig. ^-b) and impact parameters 
(5). 

that we need to find up to what order of in the expansion, this vertex appears in = 4 SYM. It should 
be stressed that in = 4 SYM with small coupling (weakly interacting A'" = 4 SYM), the diffractive 
dissociation due to the triple BFKL Pomeron plays an essential role. 




Fig. |-a Fig. g-b 



Figure 6: The simple diagrams for large mass diffraction and its relationship with the triple Pomeron exchange in 
weakly coupled A'' = 4 SYM (Fig. ^a); and for central Higgs production (Fig. ^b). 

3.3 Comparison with the LHC data 

Now let us consider the cross sections and other observables, within the LHC range of energies. As 
mentioned above we failed to describe the cross sections for single and double diffractive dissociation, 
obtaining extremely small values for both (< 2mb). However, it turns out that the model can describe the 
data for the total, inelastic and elastic cross sections. The comparison of our model with the LHC data 
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72.4 mb 


CMS:: 68.0±2^f** ± 2.2'"™ ± 4*=^*^^ mb 
ATLAS: 69.4±2.4'=^p ± 6.9^^*^'='^ mb 
ALICE: 72.7 ±L1'"°"'^' ± 5 jextrap 
TOTEM: 73.5 ±0.6^* ± l.^'V'* mb 


18.3 


TOTEM: 20.1±0.2^* ± 0.3^?^^* GeF^^ 



Table 1: The comparison of the prediction of our model with the experimental data at W=7 TeV. 



is presented in Table 1. One can see that we predict the LHC data quite well, except for the value of the 
slope. In Fig. |^ we show the t dependence of the elastic cross section of our model, and the comparison of 
this distribution with the TOTEM experimental data. One can see that we overshoot the data, although 
the qualitative behaviour is reproduced quite well. We believe that to a large extent, our failure to describe 
the data is correlated with a sufficiently small slope that we have (see Table 1). The value of the ratio 
Rej4/ImA that we obtain in the model, is larger than the value that uses TOTEM to extract the value of 
the total cross section (Rej4/ImA = 0.14 p7[| ), but the error coming from this difference, is well within the 
experimental error for the TOTEM value of the total cross section, namely, atot = 96.8 mb. 



3.4 Survival probability of large rapidity gaps 

For a long time it has been known that the cross section for processes with large rapidity gaps (for example 
central diffractive Higgs production (see Fig. |^b)) has to be multiplied by a factor S"^ which is called the 
survival probability ||2^, |2^, This factor stems from the possible interaction of the constituents of the 
projectile, with the target that should be forbidden to preserve the gap. In other words, the constituents 
of the projectile could interact with the target in the initial or final state, suppressing the cross section 
for such processes (see Fig. ^b). The straitforward generalization of the well known formulae |28, 29, ^ 
leads to the following expression for the survival probability S"^: 

_ J J dz dz' ^ jz) ^ jz') e-I^^^^C-.^^^-^O Al^., jb) 

Jd'bAlrdib) ^'-'^ 

where A^ard is the amplitude for Higgs production, in which the main contribution stems from short 
distances. One can see from Eq. (|3.2| ) that the value for the survival probability depends on the impact 
parameter dependence, but not on the magnitude of the cross section. For simplicity we choose the 
exponential parametrization for A\^^.^{b), namely, 

^lard « exp - ^) (3.3) 
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-t(GeV^) 

Figure 7: doei/dt of our model (solid line), and the eye fit of the TOTEM experimental data (||]) (dotted line). 

where B is the slope of the hard differential cross section. In Fig. |8| which is taken from Ref. [^], the 
experimental values of the slope for DIS diffractive production are plotted. 

Prom Fig. |8| we can conclude that the average B at large momentum scale (short distances), is about 
4 5Gey~^. We made estimates for S"^ for two values oi B: B = 4GeV~'^ and B = 5GeV^'^, These 
estimates lead to the following values 



B = 5GeV'^ — > TEVATRON : S'^ = 0.126; LHC : = 0.084; 

B = AGeV'^ — > TEVATRON : 5^ = 0.106; LHC : 5^ = 0.068 (3.4) 

One can see that we obtain the value for S*^, which is 2 H- 3 times larger than all previous estimates 

[Ml]- 

4. Conclusions 

In this paper we showed that the model of = 4 SYM is able to describe the experimental data for the 
total, elastic and inelastic cross sections, and on the elastic slope in the range of energies from W = 20 GeV, 
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Figure 8: The dependence of the slope for DIS processes {aei/dt cx exp {—Bt). The picture is taken from Ref. . 

up to the Tevatron energy. However, we failed to describe the cross sections for diffractive production. 
Our model gives these cross sections < 2mb. The predictive power of the model is also rather limited. The 
total inelastic and elastic cross sections are predicted by the model, but the model leads to the value of 
the slope which is smaller than the TOTEM data. We made a fit in which we include the LHC data in 
the fitting procedure, to check the stability of our model. This fit is shown by the dashed line in Fig. ^ 
and Fig. |. O ne can see that the difference is very small. Therefore, we can claim that we are not able to 
describe both the elastic slope and the cross sections for diffractive production. 

The parameters that come out from the fit: Qs = 0.245, p = 0.797 and a = 0.23 GeV'"^ are large for 
using = 4 SYM, in the limit of low p. Therefore the next order correction (at least of the order of p^) 
are needed for a better understanding of the origin of the process of diffractive production in A/" = 4 SYM. 

On the other hand, we cannot avoid the feeling that = 4 SYM, in the approach of fitting a number 
of soft observables with only three free parameters, is closely related to the theory of strong interactions 
at high energies. 

We consider this paper as a call for a calculation up to the order of p^ in = 4 SYM, in which we 
can find both the source of large mass diffraction, and the correction to the elastic slope. 
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